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1. Introduetkm 

Reoeni reieardi on chikben's cognition and problem solving has provided detailed 
insiiht into the mnlt^ knowledge sources involved when students solve arithmetic 
word proHcnM (Carpenter, et al., 1988; Cunmiins et ai, 1988). Solving wotd problems 
reqafaai i ai er ac ti on widi mnhiirie r epw a e n t a tkais of knowledge, begiiuUng with the cni- 
cM flMppiof between the words in die proUem and an internal conceptualization of 
onlMss SDch as die actors, otsjects, and actions in die proUem. This initial process of 
laading and dtvdbi^ conoqMoalizatioiis is die focus of tfiis pqwr. Of interest are die 

cognitive deoaands whidi wtml problems place on young readers. That is. word 
paoNem solvan are expected to: (a) interpret the unique madiematical sense of wotds, 
e.g., some means a aet aritfi an unkmwn quantity; and (b) nuq> convex linguistic con- 
itractioaa onto mathematical relatkauhips, e.g., "have more than*' involves a differ- 
caca between two sets. 

Oor specific objective in modeling the reading process is to expose die often over- 
lookod bat cmdd reading co mpw heiMion strategies essmtial in word problem solu- 
tkms. Prior modda of aridunetic wmd (Mroblem solving (Cummins, et ai, 1988; 
Klntach and GrBano, 1983; Briars end Laridn, 1984; Riley, et at., 1983) have provided 
talad insiftt into die mstbematical processes involved in word problem solutkms; 
howcwar, litda evidence is availdile concerning die word-proUem-solver's linguistic 



p n cuam . In fMiticvlar, oar readinf model both appreciatefli the role which linguistic 
m iii il iiiUBM l i m i fixy in incorrect word proMeni solutkiM and moniton the amount of 
eowriHn p to u m kn involved dnring nadiiif . By modelini die eolutkMi pioeees fmm 
the beftanini, Le., fiom die UagaH^c AMement of die problem, we are in a better posi- 
dM to hyp o UmiK why some problem are mon dModt to solve than odien. The 
i iw|ilk4 ii un fcr iMraetion it duK iladenit' eiRwi maiy be related to dieir inabiUty to 
rmir i p lii l i m a praUem or dieir inaUHly to co Hy relicHd probicmt with high cognidve 

TWi atudy of Imgaiadc p roce asm g ia one component of a larfer mteidiaciplinaiy 
reatircii pra^ to develop an faMeractive kamiag env ii enme nt for students eupcrien c - 
>Bt dtttaiMea widi woti problema. The leamint e nvir oam ci* is com poaed of two main 
noddaR die ndcrowoiid snd the ei^arts. The microwoiid (or iool-box) is a coBectioH 
of B wae driven imerfacei which facilitate a tranaitkM from manipolative models of 
aridMMUc word problems, such as dioae which eee physical Modes, to die more abstract 
qmMie models snch as sn ope n -sw uen c e eqa«ion. The expert module is conyosed of 
mniwi i i l c a l and hngoistic problem sdving models. A Ungutstic or reading expert first 
ganawles a ce n cep lM a l rep w ia e iMali on oi die actiona and sets in a word problem mtd die 
malhenMtical expert dien aHcmpts to assign part>whole roles to die conceptualized sets 
and anive st a n umerical answer. The next section bri^y hitroAiees die microworld 
component of our prototype learning environment and the remaining sections focus on 
the expaii reading model. 

2. The Tool Box 

Oar mi oowo d d d interacthw grsphics tools has received considerable attention in 
oar pnloiype implementations.' In line widi die goal of enabling atudenis to conatnict 
new meaidnga ftom eeooele situations (NCTM, 1989), die developmem of new tools 
has focoaed on env ir onmei< a which allow students to msnqxdaie objects, i.e., icons, via 
die mooae in i ncr aasi n^ dMiract lepaeaentations. Young students (K-2) who have yet 
to acqniie schemata for rep s e a mUn g word problems lely heavily on physical manipula- 
dves to model die problem (Carpenter, 1985; Briars and Laridn, 1984; Riley, et al, 
1963). 

In particular, die Make-Set tool allowa students to "pick" object-icons and collect 
dm tofedwr in certain anas of die scieen. This tool facilitates a trsnsition from phy- 
sical "en (he tMe" objects to more abstract nudwmatical symbols (Umgfoid, 1986) 
by providing a transition between symbtds, e.g., from four individual soda^can-icons to 
d» nofB dMiraet wipwacnl a t ion of one soda-can-icon widi four dots (::), to one soda- 
can-icon widi die number (4), and eventually to a number 4-icon. Actual screen prin- 
toots of sMdents using dda tool are induded in LeBlsnc and Upaduia (1990). 

By snpplykig a visual meana of transition from concrete to more abstract concepts, 
tlris tool dao serves our goal of prqiering students for extension of dieir basic 

' nt mmM p mt jf ■ylw utt>mm mUttSUNmi VAX wwfcKittwit. Thi m f Utri kmdtt h wriwwi h C nid 
w Miw *i X m k iim tjmm (ir||).,1W mUkm Mp*«t to U ithc iwiJ *^<tmwM mc«1wi h wMtm h rn iwii u ii U». SueMc 
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mathematical kinmledge to somewhat more difficult ]>Fohlema. Seeing soda cans as 
dots or ai a immha may lead the student to similariy see concq>t8 less easily visual- 
ised, such as distance or time, as dots or as a number, subject to the same mathematical 
opeialions as soda cans. Of particular interest at this stage in our design is to observe 
stodenls usmg these tools and to isolate those times when students seem capable (and 
willinf !) to move beyond sdutions involving physical man^Nilatives or icons which 
stffl look physical to man abstract symbol systems. 

Anodier new tool, die Equation Builder, allows studoits to "build" equations; 
that is, students select oporands and arithmetic operators to construct mathematical lela- 
tionah^, indudfaig higjher-levd algebraic rdationshqw. This tool serves as a foUowmp 
to the Make-Set tool in the sense that the equation model facilitates lepiesentatiens 
which can not be petfonned widi manqwlative nnodeling, for example, representing a 
transfier <rf a set of some objects out of an existing set of objects. Designs for future 
tods mchide environments whidi will facilitate die use of part-whole strategies, includ- 
ing a tool iR^iich diows students to identify which of the manqwlated sets occupy the 
"rdes" of dte parts and whcrie. 

3. EDUCE • The Reader 

EDUCE (Eiqdaining Discourse Understanding widi Conceptual Expectations) is an 
expectation-baaed conceptual analyzer (LeBlanc and Russell, 1989) adapted from die 
work of Schank and Riesbeck (I98I) and developed accoiding to princq>les found to be 
distinct fax word-problem-solving. Instead of using already encoded problem schemas 
or propositions as do odier cognitive models of arithmetic word pnMem solving, the 
parser "reads" die English word proUem und produces a concqitual representation of 
the quantities and actions in die wmd problem. This abUity to "read" die wonl prob- 
lem serves a dual role in our research efforts. In an instructional role, EDUCE is 
designed to eq^aln die nde of certain words and phrases in a word problem as well as 
Iqrpotfi^iae aboiM student n^sconceptions, e.g., an invalid "clue-woid" use of the woid 
altogether such as "altogedier means add." In its cognitive modeling role, EDUCE is 
pioviding msigitt into why some v*otd ]»oUems are harder to solve than others. The 
next two sections introduce this dual cq)acity more fully. 

3.1. DiagiMMing PMcntial Misconceptions 

The ability to hypodiesize about stadents' linguistic and matfiemattcal misconcep- 
tions is a main focus in the development of the learning environment. Such diagnostic 
c^abflky demands that our problem solving models perfonn at varying levels of exper- 
tise, firom €»pen to novice, in an attempt to determine why a student arrived at an 
incorrect vwwer. 

In die context of a proUem sdving session, EDUCE reads each proUem that will 
be posed to the student and generates a conceptual representation of tLie quantities and 
actkms in die woid problem where dw "quality" of the representation is dependent on 
die level of linguistk expertise being used to simulate solution perfonnance. In the 
mstmctional context, teachers often associate incorrect student answers with 



ffutthemiHcal ind>{lities or mistdces, for example, "Oh, he must have added wrong." fn 
an ttttm to hi^iU^ the cnidal role of leading fai die wrfutkm process, EDUCS models 
mdliple levds of leading eiqwitise hy (1) vaiying its itttemal "meankg" for certain 
critical wofdi (e.g., some, more) and (2) vaiying its linguistic processing capabilities 
(e.g., iie apaciQr d its ahort-tenn memoiy, its ability to handle anaphoric or pronomi- 
nal refbienoe). For exmifrie, given the fbUowmg seittence: 

MBlMdwaewtfacMH. 

EDUCS can access two meanings for the wmd some fnm its lexicmi and therefore pro- 
duce dtemaie co ncept u al meanings of the semence. The two different simplified 
lep w a wmt io iis are shown below: 

(1) STATE: pouewioo 

OBIBCr: (plqrskal (-MiniMe) (quamhy: huAhomw)) 

LOCAHOM/POSSBSSOR: (|iliyiical(4taniM)(ieiiBRiice:JdDe)) 

(2) STATE: poHMiioo 

OBJECT: ifkfwka(-mimm) (type: ■ome)) 

LOCAHm/POSSBSSCMl: (phyifcal (4lHiniaa) (nferaaoe: Jake)) 

The fiist inteipietation (1) is, of course, what we consider to be the correct one, that is, 
Jake p Oiiesi B i n unknown number of soda cans. Prior to instniction, howevw, many 
chSdm do not recognize dw maihematiad sense of the w(xd some (Langfbrd, 1986; 
BriaiB and Laildn, 1984) and instead treat some as an adjecthre (Cummins, et at., 1988). 
That is, "some cans" is often treated like "red cans." Because the readhig nnodel has 
aeoeas to both senses of the word some, diagnosis of student errors involves an Mtempc 
to delect a student's use of one sense over the odw. This involves more than testing 
atudents wkk p ro M em s which do and do not include die word some. For instance, the 
foHowing word praUem involving a "set of some** can be solved numipulatively 
without a correct undeiBlanding of the word some. 

Jihs kmd 6 loda cans near ibe nti. He five aome chm lo dull. Now Jake hu 2 can. 

How MMy CMS didlK five to CMa? 

In th^ pn^^em, stadents read die first sememe and create a set of six cans. Assuming 
a deftdent undentandiiig of die word some, students ignore die second sentence, rtiat is, 
the cans tra n afen e d to Chris are not treated as a «er of cans aince no quantity is men- 
tkned. Upon reading that Jake now has two cans, students typically separate out two 
cans from die originKl group of six. When asked how nuny Jake gave to Chris, stu- 
dems are fned with two groi^M of cans: a group of two bdonging to Jake and a 
aepantt gmnp <rf four .... "Hey, dut nnutt be die answer! Four!" 

WUte such pfoUems can be solved widwut a cmrect mteipretation of die wmd 
some, odms cannot, e.g., a transfer of possession problem where die initial set is unk- 
nown. 

JiiDe fioaail iOMe soda cans. He |ave 2 cam to Chtia. Now Jake has S cam. How many cm 
did Jahs have ia dM befkHrioi? 

The difAcuky liere is of courre diM students do not imeri»et Jake's initial group of 
ANNf cans as a set and dnis Jd» has no cans to give to Chris. Students often create a 



Mt of two cans for Chris, t set of five cans for Jake, and answer "five" when asked 
abo«t lake's cans in the begkminf. skice Jake's set cwiendy has five cans. The Unpli- 
calton fcr kismietkm is that students who can not solve these initiai-iet-unknown piob- 
lens: (1) may hawe a deficient pact-whole stmegy; i.e.. diey cannot recognize subsets 
(parts) snd die superset (whole); mdfot (2) may have a misiinderstanding of die word 

BDUCB maintakis mnhiple me«iings for odier critical words (e.g., more, less, 
altogeHur) wMeh hi tun can affect die conceptnalizatkms of connplex phrases (e.g.. 
kave-more'lkait, how-many-kss-than). By varykig die meanmgs of certain critical 
wwds, BDUCB win prodnce a dynandc range of conceptual (mis)understmdings which 
hi tarn cenlrftwie to inconect snswera and dms generate l^potheses of potential 
co iwps e h s nsi o n ctiors. 

X2, Moniioriiig the Reading Process 

In addition to provkHng hy po d iese s of student's conceptual misonderstttidings, 
EDUCR is also provkiing insight into die cognitive demands of reading arithmetic woid 
pfoMens. Evidence on text comprehenskm emphasizes the importwce of monitoring 
*e cofRkhfe demands of lingotatic processing, for example, the nrie of anqshoric refer- 
cnoe (QMen. 1987) and dw unportanoe of makttakik^ die most relevant hifonnation hi 
" fcort-term memory (Fletcher, 1986). Monitorfaig die process of Aom^ BDUCB generates 
a oonooplml w pi ea e Mlalkw first mvohres isolatkH^ die tacit readhig tasks essenHal to 
' ' un d aiwan d ki g" saniences. Some of die tacit tasks die model is designed to perfomi ss 
k "leads" a sentence hichide: lexical access, kistanttatkig and icmembering conceptual 
osimialkMi s (Le., what concepts to expect later in the sentence), "mecging" mnk^ 
concepts kMo one concept, snd snsphoric search. The next two sections kitroduoe how 
BDUCB meniton die leadkig proceas and how that monkoring is providing insights 
kito die correlations between problem difficulty and linguistic processing. 

3J.1. An Example 

A ssmpie parse of the sentence, 

Jake bm 5 loda c». 

can help darify die kleas ki e^iectatkin-based analysis and how we monitor die leaduig 
load. 

Upon ftadk^ die woid Jake, EDUCE accesses diat word's lexical entry and loads 
ks c o nceptu al meadng kito diort-tenn memory (STM): 

OONCBPTS: (1) (ftjtka (^bmmt) (Ktenax: Jtkt)) 
UQUBSTS: aU 

There ass no expectatkms generated by the word Jake, i.e., the reading of this wonl 
does not request (or expect) sny particular concept to follow. The word has is dien 



fead and the conceptual entry for the word has is loaded into STM along with its asso- 
ciated requests: 

COtKSPTS: (l)(pliyiiad(-»4Miinan)(iefeRnce:Jirice)) 
(2) STATB: posnnioa 
OBJECT: r 

LOCATION/POSSBSSOR: 7 

REQUESTS: (i) Who poMeswt? [search for a haman eariier in the aeMence] 
(U) What is ponesaed? [aeafch ear an object hsn on] 

B^ne leading the next woid, each of the requests associated with the word has is 
tested to see if it mi^ be satisfied. The first request (i) is of course successful since a 
seavdi finds the conccfMual r^nesemation of Jake in STM (i.e., Jake's conceptualization 
is 4lMinun) and tfms the "(1) Jake<oncqN" is meiged into die possessor-slot of die 
"(2) posiession<oncq)t." The second request (ii) is unsuccessful since no concqjtual- 
objeet currendy resides in SUM. Having read and conqrieted die processing for die first 
two words, "Jake has," EDUCE has one concept and one outstanding request in STM: 

CONCEPTS: (1) STATB: poasession 
OBJECT: T 

LOCATION/POSSESSOR: (physical (+huinan) (leferenoe: Jaice)) 
REQUESTS: (i) What is poaaeaaed? 

The following taUe sununarizes the monitoring of linguistic processing which has 
occoired doring die comprehension of diese first two words, "Jake has." The left 
ctAmm lists die linguistic variaUes (or tacit reading tasks) of interest and die right 
column lists die number of instances when dus tadc occurred. 



Jak$ has... 


VvUUe 




nnlflMni # of STM ooDoepig 


2 


ftvcfi|(0 # of STM cooufipct 


1.5 


oonber of nqoefii poMd 


2 


onnfeof of vBQQOili fired 


1 


number of merged concepts 


1 



Table 1 



The next three words, "5 soda cans" form a noun group and are eventually 
meifed into one "object-concept." The outstanding request from die word has which is 
caqiecting an object is now satisfied. 



A final concq)fualization for the sentence resides in STM: 

CONCEPTS: (1) STATE: pouession 

OBJECT: (physical (-animate) (ftindion: contaifi(objcci: soda)) (quantity: 5)) 
LOCATION/POSSESSOR: (physical (+humaD) (lefcreocc: Jake)) 

REQUESTS: iril 

Table 2 summarizes die linguistic processing which occurred in order to arrive at such 
a conceptual understanding of the sentence. 



Smimary of Ungviatk Procc^ng 

Jake has 5 soda cans. 


Variable 


Instaocea 


nuudmum # ot STM concepts 


4 


avefafe « of S1*M concepts 


24 


number of leqoeata potsed 


4 


number of re<|oests fired 


4 


number of merged concq)t8 


3 



Table 2 



3.2.2. Pilot Studies 

The current pilot experiments are in search of linguistic processing variables (e.g., 
the average number of concepts in STM, the number of conceptual requests posted) 
which correlate with the probability of word*problem-solution as a function of a 
proUem's semantic structure and grade level (K-3). Previous empirical studies (Del 
Campo and Qemcnts, 1987; Caipenter, 1985; Riley, et al, 1983) have provided evi- 
dmce of die probability of solution for word problems of varying semantic stnictuies^ 
and grade levels. Of interest is the potential for EDUCE to predict whether a problem 
will bt difficult, i.e., whether a problem has a low probability of solution. The primary 
questim at this point in our research is: 

What linguistic constructions and processing cause some problems to be more difficult than oth- 
en? 

There are a variety of ways to restate this primary question, e.g., "What linguistic tasks 
create an overloading demand on students comprehension processes?'' 

We are currcndy updating EDUCE to keep track of the processing statistics as it 
parses the word problems. Our focus is to find two or more linguistic variables which 
correlate with solutim probability. Traditionally, solution probabilities are correlated 
witfi the semantic stracture of word i»-oblems. For example. Compare word problems 
involve a ccm^arison of two quantitier and are difficuh for most students in the early 
(K-3) grades. The probabilities of solution for these problems are low relative to the 

^ ArMhimtic woitl probfeiM are tnditkmatly ctMtiiWsd •rcofding to their KmMittc ttnictiires. I*.. CHan$t prohlemi involve 
tk» action of • trmlw of poMenion, Combine probSemi involve a tutic combination of quantities, and Compare problema involve a 
static diffennoo of (|aantitiaa« 



problems with alternate semantic stnictures. From our early work, EDUCE is providing 
new hypotheses as to why this type of semantic structure is difficult, that is, reading 
word imUems involving the complex linguistic construction ''have more than** places 
a taxing cognitive demand on young readers. The two tables below leveal some differ* 
ences in the amount of processing required for EDUCE to concepmalize a question 
fifom t Change word problem and a question from a Compare word problem. 



SmiMarj of UmMc Ptq 


casiing 


How many cans does Jake have now? 


VMUUe 


Instances 


marimam * of #iM concepts 


3 


aveoie * of STM coQoqXi 


1.5 


twnber of reQoeili posted 


7 


nanber of vequeM filed 


6 


nonber of merged coooqNs 


3 



Shiinmary of Uiifrittlc Procaaatng 

How many more cans does 
Jake have than Chris? 


Variable 


Instances 


maximom # of STM coocepu 


4 


average # of STM conoepts 


2.0 


nDmber of requests posted 


11 


number of requests fired 


8 


number of merged concepts 


4 



The results to date are preliminaiy. The list of linguistic processing variables shown in 
the tables is our initial attempt to investigate the process of reading during woid prob- 
lem sdution.^ While EDUCE is not intended to model the students' reading 
conqmhensim in all aq)ects, it is providing a focus for future worlc. 

In some ways, we already have a good intuitive feel for which linguistic variables 
will more highly correlate with ixoblem difficulty. For example, we expect the average 
number of concepts in STM to be a better predictor of problem difficulty than, for 
instance, the number of aiuq)horic references.^ We have verified that a considerable 
memory load is required for the predominately more difficult Compare problems, i.e., 
those whidi involve the complex linguistic construction have-more-than. 

Of additional interest is how varying the level of reading expertise may affect the 
cmrelations across grade levels. In the preliminary experiments, EDUCE will always 
read at a constant ' 'expert'' level of reading knowledge and thus wc expect to find 
hitler correlations with say grade 3 probabilities of solutions than at the K-level. 
Vtfying EDUCE's ability to read may then alter our best-match situation. This is of 
course exacdy die type of informatim that would benefit us most in terms of pedagogi- 
cal implications. What EDUCE caruiot do at one level may in fact be what children ji 
grade 1, for instarKe, cannot do. 



* Foe iMlanot, in Imum of cooMptad rtqvMts being potted and And. it mey in feet be the ceee that tome requentn w« "mow 
ectAf** k tofM oT fn€9mia$ tond tbMi oHier mftttm, the action of mergini two concepts together potentially involvet more 
prooMriai fkm raeogiMtg ■ woid at a aln|lB concept. Our initial assigning of acoring weights is somewhat a</ ^kv and the poten- 
tial to aasr the w«i|laa of aeme raqaaali ofKars another potential manipulation while we an collecting data. 

♦ Sinea lha proMsms are all relatively short (e.g., 3 sentences) there exists little informstion to inhibit an easy 
aniphui'Mfciaiiis match. Pataes exparimants may incraaae the distance between the anaphor and its reference in oider to enntfie that 
a loiy-iMn MUMfy saaich Is mpiirad. 



4. Sumimiry 

In the last ten years, educational researchers have categorized arithmetic word 
proUemi accwdfaig to their semantic structures md produced en^irical evidence which 
cmdates sdution probability with these categories. Lacldng in these results, however, 
is a definitive ex^anation as to why protdems of certain semantic structures aie 
difficult. In an mmfi to more fully understand word problem solving, cognitive 
modds have simuliMd proUem sdving procedures that children use; however, these 
modds have largely ignored die process of reading. This woric is an attempt to bridge 
the gap between die educatimal smdies and past cognitive modeling work. Monitoring 
the role erf linguistic processes focuses our research on the questions which ask why 
some proUems are difficult. 
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